Decrease in alveolar oxygen tension may induce acute lung injury with pulmonary edema. We investigated whether, in alveolar epithelial cells, expression and activity of epithelial sodium (Na) channels and Na,Kadenosine triphosphatase, the major components of transepithelial Na transport, were regulated by hypoxia. Exposure of cultured rat alveolar cells to 3% and 0% O 2 for 18 h reduced Na channel activity estimated by amiloride-sensitive 22 Na influx by 32% and 67%, respectively, whereas 5% O 2 was without effect. The decrease in Na channel activity induced by 0% O 2 was time-dependent, significant at 3 h of exposure and maximal at 12 and 18 h. It was associated with a time-dependent decline in the amount of mRNAs encoding the ␣ -, ␤ -, and ␥ -subunits of the rat epithelial Na channel (rENaC) and with a 42% decrease in ␣ -rENaC protein synthesis as evaluated by immunoprecipitation after 18 h of exposure. The 0% O 2 hypoxia also caused a time-dependent decrease in ( 1 ) ouabain-sensitive 86 Rubidium influx in intact cells, ( 2 ) the maximal velocity of Na,K-ATPase on crude homogenates, and ( 3 ) ␣ 1 -and ␤ 1 -Na,K-ATPase mRNA levels. Levels of rENaC and ␣ 1 -Na,K-ATPase mRNA returned to control values within 48 h of reoxygenation, and this was associated with complete functional recovery. We conclude that hypoxia induced a downregulation of expression and activity of epithelial Na channels and Na,K-ATPase in alveolar cells. 
Under physiologic conditions, resorption of fluid by alveolar epithelial cells keeps alveoli dry and ensures normal gas exchange. Sodium (Na) is actively transported from lumen to interstitium by alveolar epithelial cells, and alveolar fluid is reabsorbed across the epithelium by the resulting osmotic gradient (1) . Sodium ions diffuse passively across the apical membrane of alveolar type II (ATII) cells down a favorable electrochemical gradient and are actively extruded at the basolateral side of the cells by the ouabain-sensitive Na,K-adenosine triphosphatase (Na,KATPase) (2) . Amiloride-sensitive Na channels represent the major pathway for apical Na entry in ATII cells, and are considered to be the rate-limiting step in alveolar transepithelial Na transport (1) . Their presence in ATII cells has been evidenced by functional studies using 22 Na flux and short-circuit current measurement or whole cell patch-clamp (2-4), and more recently by molecular studies (5) demonstrating that adult rat ATII cells express mRNA transcripts encoding the three subunits ␣ , ␤ , and ␥ of the rat epithelial sodium channel (rENaC) (6, 7) .
In pathologic situations associated with alveolar flooding, the capacity of alveolar epithelium to maintain effective transepithelial Na transport could be critical in determining the severity and duration of alveolar edema (8) .
When the structure and function of epithelium are intact, alveolar Na reabsorption may participate in the clearance of alveolar edema. In some cases, the upregulation of the expression and activity of Na transport proteins in alveolar cells may also enhance alveolar fluid resorption, thereby limiting alveolar edema (9) (10) (11) . On the contrary, when alveolar cell Na channel or Na,K-ATPase activity is decreased, the impairment of alveolar Na and fluid clearance could participate in the maintenance of pulmonary edema (12) . Decrease in alveolar oxygen tension, in healthy subjects as well as in animals, potentially induces acute lung injury with pulmonary edema (13) . The main mechanism whereby hypoxia induces alveolar flooding involves lung hemodynamic changes and increase in pulmonary microvascular permeability (14) (15) (16) . Although alveolar cells are directly exposed to variations in ambient oxygen tension, there is little information about the role of alveolar epithelium in the development and/or the maintenance of hypoxia-induced alveolar edema. Both in vivo and in vitro studies have suggested that alveolar epithelial cells are quite resistant to hypoxia, inasmuch as neither ultrastructural characteristics nor cell viability were altered by prolonged hypoxic exposure (17, 18) . However, the ability of these cells to maintain efficient vectorial Na transport under hypoxia remains questionable; we have shown in a previous report that prolonged hypoxia inhibits Na,K-ATPase activity in a rat alveolar epithelial cell line (19) .
In the present study, we investigated whether hypoxia altered the activity of Na channels and the expression of rENaC subunits in rat alveolar epithelial cells in primary culture. Our results indicate that hypoxia induced a timedependent decrease in Na channel activity and expression, and reduced the rate of ␣ -rENaC protein synthesis. Hypoxia also resulted in a time-dependent decrease in the activity and expression of Na,K-ATPase, the other component of transepithelial Na transport. All these changes were fully reversed by reoxygenation. Together, these data suggest that hypoxia might reduce vectorial Na transport across alveolar epithelium. Subsequent decrease in alveolar fluid reabsorption could participate, along with increased pulmonary microvascular permeability, in the accumulation of alveolar edema during the acute phase of hypoxic lung injury.
Materials and Methods

Cell Isolation
ATII cells were isolated from pathogen-free male SpragueDawley rats (200-250 g) as previously described (20) . Briefly, pooled cells from 3 rats were prepared as follows. Rats were injected intraperitoneally (i.p.) with 30 mg/kg pentobarbital sodium and intravenously (i.v.) 1 U/g heparin sodium. After a tracheotomy was performed, the animal was exsanguinated. Solution II (40-50 ml), which contained (in mM): 140 NaCl, 5 KCl, 2.5 sodium phosphate buffer, 10 N -2-hydroxyethylpiperazine-N Ј -2-ethanesulfonic acid (Hepes), 2 CaCl 2 , and 1.3 MgSO 4 , pH 7.40, at 22 Њ C was perfused through the air-filled lungs via the pulmonary artery to clear the vascular space of blood. The lungs were removed from the thorax and lavaged to total lung capacity (8-10 ml) 5 times with solution I, which contained (in mM) 140 NaCl, 5 KCl, 2.5 sodium phosphate buffer, 10 Hepes, 6 D -glucose, and 2 ethylene glycol-bis( ␤ -aminoethyl ether)-N , N , N Ј , N Ј -tetraacetic acid, to remove macrophages, and 2 times with solution II. Lungs were then filled with 12-15 ml of elastase solution (porcine pancreas, twice crystallized 40 U/ml, prepared in solution II) and incubated in a shaking water bath in air for 10 min at 37 Њ C, after which additional elastase solution was instillated for another 10-min incubation. The lungs were minced in the presence of DNAse I, and 5 ml of fetal bovine se rum (FBS) were added to stop the effect of elastase. The lungs were then sequentially filtered through 150-and 30-m nylon mesh. The filtrate was centrifuged at 130 ϫ g for 8 min. The cell pellet was resuspended in Dulbecco's modified Eagle medium (DMEM) containing 25 mM D -glucose at 37 Њ C. The cell suspension was plated at a density of 10 6 cells/cm 2 in 25 cm 2 bacteriologic plastic dishes to aid in the removal of macrophages by differential adherence. After incubation at 37 Њ C in a 5% CO 2 incubator for 1 h, the unattached cells in suspension were removed and centrifuged at 130 ϫ g for 8 min. The resulting cell pellet (70% purity, Ͼ 95% viability, 8-10 ϫ 10 6 cells/rat) was plated at a density of 7-10 ϫ 10 5 cells/cm 2 in 6-, 12-, or 24-well culture dishes. Culture medium consisted of DMEM containing 25 mM D -glucose, 10 mM Hepes, 23.8 mM NaHCO 3 , 2 mM L -glutamine, 10% FBS, 50 U/ml penicillin, 50 g/ml streptomycin, and 10 g/ml gentamycin, incubated in a 5% CO 2 -95% air atmosphere. The cell purity after 24 h was 90 Ϯ 2% as assessed by a characteristic fluorescence with phosphine 3 R as previously described (20) . Contaminating cells were essentially macrophages. Culture medium was changed 24 h after isolation and then on alternate days.
Exposure to Hypoxia
Four days after plating, growth medium was removed and replaced by a thin layer of fresh medium (0.15 ml/cm 2 ) with 10% FBS in order to decrease the diffusion distance of the ambient gas. Culture dishes were then placed in a humidified airtight incubator with inflow and outflow valves, and the hypoxic gas mixture (0% O 2 -5% CO 2 -95% N 2 ) was delivered at 5 liters/min for 20 min. The airtight incubator was kept at 37 Њ C for 3, 6, 12, or 18 h, while control normoxic cells were placed in a 21% O 2 -5% CO 2 -74% N 2 humidified incubator for the same period of time.
In additional experiments, exposure to mild hypoxia (5% O 2 -5% CO 2 -90% N 2 ) or moderate hypoxia (3% O 2 -5% CO 2 -92% N 2 ) was performed as described above over an 18-h period. O 2 tensions assayed in culture medium were approximately 30, 45, 60, and 140 mmHg for 0%, 3%, 5%, and 21% O 2 , respectively. pH in culture medium measured at the end of exposure was not significantly different under normoxic and hypoxic conditions. Trypan blue exclusion measured in cell monolayers exposed to hypoxia did not decrease, as compared with normoxic controls. For hypoxia-reoxygenation experiments, cells were exposed to 0% O 2 -5% CO 2 -95% N 2 for 18 h, and then placed in a 21% O 2 -5% CO 2 -74% N 2 humidified incubator with the normoxic counterparts for 24 or 48 additional hours. Culture medium was changed at the end of hypoxia and at 24 h of reoxygenation.
Quantification of Dome Formation
Dome formation was quantified in alveolar cell monolayers according to Goodman and Crandall (21) . Immediately at the end of exposure, cell monolayers in 6-well plates obtained from 6 different preparations were observed on an inverted phase-contrast microscope (Telaval 31; Zeiss, Jena, Germany), and the density of domes in the monolay-ers was determined by counting the number of domes on 10 random fields/plate at a magnification of ϫ 200.
Electron Microscopy
At the end of exposure, cells grown in 35-mm plastic dishes were immediately fixed in 2.5% glutaraldehyde/ 0.1 M cacodylate buffer for 1 h at 4 Њ C, then post-fixed in 1% osmium tetroxyde and embedded in Epon. Ultrathin sections were contrasted with uranyl acetate and lead citrate and observed with an electron microscope (EM 410; Philips, Eindhoven, the Netherlands).
Na Influx Studies
The measurement of 22 Na flux through amiloride-sensitive Na channels was performed as previously described (22) . After removal of culture medium, cells in 12-well dishes were rinsed twice and preincubated 20 min at 37 Њ C in a buffered sodium-free solution (in mM): 137 N -methylglucamine, 5.4 KCl, 1.2 MgSO 4 , 2.8 CaCl 2 , and 15 Hepes (pH 7.4). At the end of preincubation, sodium-free solution was replaced by the uptake solution (in mM): 14 NaCl, 35 KCl, 96 N -methylglucamine, 20 Hepes (pH 7.4) containing 1 mM ouabain, and 0.5 Ci/ml 22 NaCl (37 MBq/mg Na), in the absence or presence of 100 M amiloride. After a 5-min incubation, uptake was stopped by washing the cells 3 times with 1 ml/well of ice-cold solution containing (in mM) 120 N -methylglucamine, and 20 Hepes, pH 7.4. Cells were solubilized in 0.5% Triton X-100. Tracer activities were determined by liquid scintillation counting and the remaining volume of each sample was used for assessing the protein content per well (23) . Amiloride-sensitive 22 Na influx was determined by the difference between the values measured in the absence or presence of amiloride. Results were expressed in nmol/mg protein/5 min.
Rubidium Influx Studies
The measurement of rubidium (Rb) influx was performed as previously described (24) . Assays were performed at 37 Њ C in buffered solution A of the following composition (in mM): 120 NaCl, 5 RbCl, 1 MgSO 4 , 0.15 Na 2 HPO 4 , 0.2 NaH 2 PO 4 , 4 NaHCO 3 , 1 CaCl 2 , 5 glucose, 2 lactate, 4 essential and nonessential amino acids, 20 Hepes, and 0.1% bovine serum albumin (BSA). The osmotic pressure of solution A was adjusted by manitol addition to 350 mosM, and pH was adjusted to 7.4. After removal of the culture medium, cells in 24-well plates were washed with 0.5 ml/ well of solution A, and incubated 5 min with 0.5 ml/well of solution A supplemented with 1 Ci/ml 86 RbCl (370 MBq/ mg Rb) in the absence or presence of 1 mM ouabain. Uptake solutions used for hypoxic cells were equilibrated with the hypoxic gas mixture to avoid reoxygenation during uptake procedure. Uptake was stopped by washing the cells 3 times with 0.5 ml/well of ice-cold rinsing solution containing the following (in mM): 140 N -methylglucamine, 1.2 MgCl 2 , 3 NaCl 2 , 10 Hepes, and 0.1% BSA at pH 7.4. Cells were then solubilized in 0.5% Triton X-100 and tracer activities and protein content per well were determined as described above. Ouabain-sensitive Rb influx, reflecting Na,K-ATPase activity, was calculated as the difference between 86 Rb influx measured in the absence and presence of 1 mM ouabain. Results were expressed in nmol/mg protein/5 min.
Na,K-ATPase Activity on Cell Homogenates
Na,K-ATPase activity was assayed as ouabain-sensitive ATPase in cell homogenates as described by Post and Sen (25) . At the end of exposure, cells grown in 100-mm plastic dishes were scraped off the dishes with a rubber policeman; harvested in a solution containing 300 mM mannitol and 10 mM Hepes Tris, pH 7.4; and homogenized manually on ice with 40 strokes in a glass Potter homogenizer. The homogenates were then centrifuged for 10 min at 4,000 rpm and the pellets were resuspended in the same buffer and used immediately. Samples of crude homogenates containing 30 g of protein were incubated 15 min at 37ЊC in a buffered solution containing (in mM) 120 NaCl, 20 KCl, 3 MgCl 2 , 30 Tris, and 3 ATP disodium salt, pH 7.4, in the absence or presence of 4 mM ouabain. The reaction was stopped by addition to the samples of an ice-cold solution containing 0.5% ammonium molybdate and 0.5% polyethylene 20 cetyl ether. Samples were kept on ice for 10 min and inorganic phosphate liberated was measured in a spectrophotometer at 390 nm. Na,K-ATPase activity was defined as the difference between inorganic phosphate (Pi) liberated in the absence and presence of ouabain, corrected for spontaneous nonenzymatic breakdown of ATP.
Results were expressed in mol Pi/mg protein/h.
RNase Protection Assay
Cells in 35-mm plastic dishes were lysed in a buffer containing 4 M guanidium thiocyanate and 25 mM sodium citrate (pH 7.0, 0.5% sarcosyl), and directly used for RNase protection assay as previously described (26) . Total RNA equivalent of 10 6 cells or 20 g of yeast tRNA (Boehringer Mannheim, Indianapolis, IN) were cohybridized with 5 ϫ 10 5 counts per minute (cpm) for rENaC or rat Na,K-ATPase probes, and 5 ϫ 10 4 cpm for ␤-actin and glyceraldehyde-3-phosphate (GAPDH) probes in 80% formamide, 40 mM 1,4-piperazine-diethanesulphonic acid (pH 7.4), 400 mM NaCl, and 1 mM EDTA at 50ЊC overnight. RNase digestion (RNAse A, 40 g/ml, and T1, 2 g/ml; Boehringer Mannheim) was performed at 30ЊC for 60 min. Then digestion with proteinase K (125 g/ml; Boehringer Mannheim) was done at 37ЊC for 30 min. After phenol extraction and ethanol precipitation, protected fragments were separated by urea-polyacrylamide gel electrophoresis (urea-PAGE). Gels were fixed with 10% acetic acid and vacuum-dried prior to exposure to Kodak X-OMAT AR 5 film (Kodak Scientific Imaging Systems, New Haven, CT), and signal was quantitated from the gel using direct radioactivity measurement with an Instant Imager (Packard Instruments, Packard Instrument Company, Meriden, CT). Actin expression was used as an internal standard since neither hypoxia nor reoxygenation significantly modified the level of actin mRNA. By contrast, the level of GAPDH mRNA was significantly increased after 12 and 18 h of exposure to 0% O 2 (182% and 233% of normoxic control value, respectively), and could not be used as a reliable standard (see Figures 3 and 6 ). Results were expressed as the ratio of the mRNA of interest/actin mRNA (arbitrary units).
cRNA Probes
The 3Ј-untranslated region of ␣-, ␤-, and ␥-rENaC subunit cDNA were subcloned into Bluescript KS plasmid. The length of rENaC subunit probes was 361 nt for ␣ (protected fragment 317 nt, corresponding to nt 2458-2775), 259 nt for ␤ (protected fragment 206 nt, corresponding to nt 2256-2462), and 385 nt for ␥ (protected fragment 316 nt, corresponding to nt 2594-2911). Na,K-ATPase probes were synthesized from Bluescribe or Bluescript plasmids containing the cDNA of the ␣ 1 or ␤ 1 subunits. The probes were located in the 3Ј-untranslated region. The length of Na,K-ATPase subunit probes was 240 nt for ␣ 1 (protected fragment 202 nt, corresponding to nt 3434-3636), and 395 nt for ␤ 1 (protected fragment 337 nt, corresponding to nt 1263-1600). Mouse ␤-actin was synthesized using a cDNA insert in PGEM-3. The probe was 190 nt long with a protected fragment of 135 nt (nt 696-831). Antisense RNA probes were synthesized using a T3/T7 in vitro synthesis kit (Promega, Madison, WI) in the presence of [ 
Immunoprecipitation with Anti-rENaC ␣ Subunit Antibodies
An antibody was raised against the NH 2 -terminus of the ␣ subunit of rENaC (corresponding to aminoacids E10 to F77). A fusion protein was generated in the pGEX vector (Pharmacia, Uppsala, Sweden), isolated from bacterial lysate (glutathione S-transferase [GST]-agarose beads), and eluted with reduced glutathione according to the manufacturer's procedure. The GST fusion protein was injected subcutaneously into rabbits. The specificity of such antibody has been reported previously (27) . After the experimental period (hypoxia or normoxia), cells grown on plastic dishes (2 ϫ 10 6 cells per well) were labeled with [ 35 S]-methionine (37.5 Bq/mmol) for 3 h, and immunoprecipitation was performed according to Beron and Verrey (28) with some modifications. Cells were scraped off the plastic dishes and extracted in ice-cold lysis buffer (1% Triton X-100; 10 mM Tris-HCl, pH 7.5; 120 mM NaCl; 25 mM KCl; 2 mM, EDTA; 0.1 mM dithiothreitol; and 0.5 mM PMSF) for 20 min. Cellular debris were eliminated by centrifugation, and protein further extracted by adding sodium dodecyl sulfate (SDS) (2% final concentration) for another 20 min at 37ЊC. Cell lysate was diluted with 6 vol of high salt buffer (HSB) (0.1% SDS; 1% deoxycholate; 0.5% Triton X-100; 20 mM Tris-HCl, pH 7.5; 120 mM NaCl; 25 mM KCl; 5 mM EDTA; and 0.1 mM dithiothreitol) and frozen until assay. Protein extracts (500 g protein per sample) were precleared with a Staphylococcus aureus slurry (Pansorbin; Calbiochem, La Jolla, CA) at 4ЊC for 30 min at a final concentration of 10% (volume slurry/extraction solution), followed by centrifugation (5 min, 5,000 rpm). Anti-␣-rENaC antibody was added to the supernatant and the mixture was incubated overnight at 4ЊC with end-over-end rotation. Immunoprecipitates were incubated with Protein A-Sepharose CL4B beads (Pharmacia) at 4ЊC for 1 h with end-over-end rotation. The beads were then washed twice with HSB (with 1 M sucrose added, then with 1 M NaCl), then washed with low-salt buffer (2 mM EDTA; 0.5 mM dithiothreitol; and 10 mM Tris-HCl, pH 7.5), and the antigen was eluted and reduced by heating (80ЊC, 10 min) in PAGE sample buffer containing 5% ␤-mercaptoethanol. Detection of labeled proteins: samples of eluted immunoprecipitates were submitted to PAGE (7.5%). Gels were fixed with methanol and with acetic acid in water (30% and 10%, respectively) and submitted to intensifying treatment (Intensify A and B; New England Nuclear, Boston, MA) before vacuum-drying. Autoradiography of gel was obtained with Kodak X-OMAT AR 5 film and signal was quantified from the gel using direct radioactivity measurement with an Instant Imager (Packard Instruments). Results were expressed in net cpm after subtraction of background value.
Materials
All chemicals were purchased from Sigma Chemical (St. Louis, MO). Radioactive tracers were provided by Amersham (Aylesbury, UK). Culture media and reagents were from Gibco-BRL (Cergy-Pontoise, France). Plasticware was from Costar (Cambridge, MA).
Presentation of Data and Statistical Analysis
Uptakes of 22 Na and 86 Rb were expressed as nanomoles per milligram protein. Results are presented as means Ϯ SE of 3 to 6 separate experiments in which triplicates were obtained. One-way or two-way variance analyses were performed and, when allowed by the F value, results were compared by the modified least significant difference.
Results
Effect of Hypoxia and Hypoxia-reoxygenation on Cell Morphology
Light microscopy examination of normoxic alveolar cells after 4 days in culture revealed the presence of numerous domes (164.2 Ϯ 7.6 domes/cm 2 ). Dome formation was strikingly reduced in cell monolayers exposed to 0% O 2 hypoxic atmosphere for 18 h (37.2 Ϯ 5.4 domes/cm 2 ; P Ͻ 0.01). Reoxygenation induced a progressive reappearance of dome formation, reaching normoxic control value within 48 h. No evidence of cellular injury, such as abnormal cell debris floating in medium, was noticed in cell monolayers exposed to hypoxia. Electron microscopy examination revealed that alveolar cells after 4 days in culture retain some morphologic characteristics from type II cells, including lamellar bodies and tight junctions ( Figure 1A) . No sign of cellular injury such as cell swelling, nuclear picnosis, or blebs in plasmic membrane was observed in cells exposed to 0% O 2 hypoxia for 18 h (Figure 1B) , nor in hypoxic cells allowed to reoxygenate for 48 h ( Figure 1C ).
Effect of Hypoxia and Hypoxia-reoxygenation on Amiloride-sensitive Na Channel Activity
The activity of Na channels was estimated by amiloridesensitive 22 Na influx in alveolar cell monolayers. Exposure of cells to 0% O 2 hypoxia induced a time-dependent decrease in amiloride-sensitive 22 Na influx which was apparent at 3 h of exposure (65% of control value), and maximal at 12 and 18 h (37% of control value) (Figure 2) . After 18 h of 0% O 2 exposure, reoxygenation of cells resulted in a progressive return of amiloride-sensitive 22 Na influx to control value, with a complete recovery within 48 h. The effect of hypoxia was also O 2 concentration-dependent: while exposure to 5% O 2 for 18 h had no significant effect on Na channel activity, exposure to 3% O 2 and 0% O 2 for the same period of time reduced amiloride-sensitive 22 Na influx by 32% and 67%, respectively (compared with normoxic control value) ( Table 1) . Hypoxia affected only the amiloride-sensitive component of 22 Na influx; the amilorideinsensitive 22 Na influx, which initially represented approximately 55% of total influx, remained unchanged after 18 h of hypoxic exposure (47.8 Ϯ 4.8 versus 48.7 Ϯ 3.4 nmol/mg protein/5 min for hypoxia and normoxia, respectively; NS).
Effect of Hypoxia and Hypoxia-reoxygenation on ␣-, ␤-, and ␥-rENaC mRNA Levels
RNase protection assays were performed in order to determine the level of ␣-, ␤-and ␥-rENaC subunit mRNA transcripts in normoxic and hypoxic cells. As shown in Figure 3 , transcripts encoding for the three rENaC subunits original magnification ϫ7,100), hypoxia (0% O 2 ; B: original magnification ϫ7,100), or hypoxia-reoxygenation (18 h 0% O 2 ϩ 48 h 21% O 2 ; C: original magnification ϫ7,100), and immediately processed for electron microscopic examination. Cells exposed to normoxia, hypoxia, or hypoxia-reoxygenation display apical microvilli (arrowheads), lamellar bodies (lb), and tight junctions (arrows) between adjacent cells. No sign of cellular injury is detected in cells exposed to hypoxia or to hypoxia-reoxygenation. AP ϭ apical side; BL ϭ basolateral side. Figure 2 . Effect of hypoxia and hypoxia-reoxygenation on amiloride-sensitive 22 Na influx in alveolar epithelial cells. Rat alveolar cells from the same primary culture grown on plastic dishes for 4 days were exposed to either normoxia (21% O 2 ; open squares) or hypoxia (0% O 2 ; solid squares) for 3, 6, 12, or 18 h; or to hypoxia followed by reoxygenation (18 h 0% O 2 ϩ 24 or 48 h 21% O 2 ). Immediately at the end of exposure, 22 Na influx measurements were performed over a 5-min period. Amiloride-sensitive 22 Na influx was determined as the difference between uptake values in the absence and presence of amiloride (100 M). Results are expressed in nmol/mg protein/5 min and represent means Ϯ SE of 3 to 7 different experiments in which triplicates were obtained. *Significantly different from normoxic control value. P Ͻ 0.05.
were detectable in alveolar epithelial cells. In normoxic control cells, the level of ␣-, ␤-and ␥-rENaC mRNAs remained unchanged over time. Exposure of alveolar cells to 0% O 2 hypoxia induced a time-dependent decrease in the expression of ␣-, ␤-and ␥-rENaC mRNAs (Figure 4 ). The decrease in ␣-and ␤-rENaC mRNA was similar, being significant after at least 6 h of hypoxia, and maximal at 18 h of hypoxia (58% and 52% of normoxic values for ␣-and ␤-rENaC, respectively). By contrast, the fall in ␥-rENaC mRNA level was already significant at 3 h of hypoxia, and maximal at 12 h of exposure (32% of normoxic control value). When hypoxic cells were allowed to recover in 21% O 2 , ␥-rENaC mRNA level returned to normal in 24 h whereas a complete recovery in ␣-and ␤-rENaC mRNA levels was achieved within 48 h.
Effect of Hypoxia and Hypoxia-reoxygenation on ␣-rENaC Subunit Synthesis
Immunoprecipitation assays using a polyclonal antibody against ␣-rENaC subunit were performed in normoxic and hypoxic alveolar cells in order to quantify the rate of ␣-rENaC subunit synthesis. As shown in Figure 5 , immunoprecipitation allowed detection of a specific band at 90 kD. Exposure of alveolar cells to 0% O 2 hypoxia for 18 h reduced by 42% the rate of ␣-rENaC subunit synthesis, as compared with the corresponding normoxic control value (0.6 Ϯ 0.09 versus 0.35 Ϯ 0.04 cpm for normoxia and hypoxia, respectively; n ϭ 6, P Ͻ 0.05). Reoxygenation for 48 h induced a complete recovery in the rate of ␣-rENaC subunit synthesis (0.59 Ϯ 0.11 versus 0.63 Ϯ 0.12 cpm for normoxia and hypoxia-reoxygenation, respectively; n ϭ 4, NS). Rat alveolar cells grown on plastic dishes for 4 days were exposed to either 21%, 5%, 3%, or 0% O 2 for 18 h. Immediately at the end of exposure, 22 Na influx measurements were performed over a 5-min period. Amiloride-sensitive 22 Na influx was determined as the difference between uptake values in the absence and presence of amiloride (100 M). Values are means Ϯ SE of 6 separate experiments in which triplicates were obtained. Statistical difference (P Ͻ 0.05) of values from 21% group is indicated by *; from 3% group is indicated by † . Figure 3 . mRNA expression of ␣-, ␤-, and ␥-rENaC subunits in alveolar epithelial cells exposed to hypoxia and hypoxia-reoxygenation. Rat alveolar cells from the same primary culture grown in 10% FBS on plastic dishes were exposed to: (1) Effect of Hypoxia and Hypoxia-reoxygenation on Na,K-ATPase Activity Na,K-ATPase activity was first estimated in alveolar cell monolayers by ouabain-sensitive 86 Rb (OsRb) influx. As shown in Figure 6 , exposure to 0% O 2 induced a time-dependent decrease in OsRb influx. This decrease was significant but moderate at 3 and 6 h of exposure (80% of control value), and maximal at 18 h hypoxia (45% of control value). In cells exposed to 18 h hypoxia and allowed to reoxygenate, OsRb influx recovered progressively, representing 75% of control value within 24 h and reaching normoxic control value within 48 h. To determine whether the hypoxia-induced OsRb influx decrease was related to a change in the number of 86 Rb influx studies were performed immediately at the end of exposure over a 5-min period. OsRb influx was determined as the difference between uptake values in the absence and presence of ouabain (1 mM). Results are expressed in nmol/mg protein/5 min and represent means Ϯ SE of 4 to 6 different experiments in which triplicates were obtained. *Significantly different from normoxic control value. P Ͻ 0.05. available functional units of Na pump, we also measured the maximal velocity (Vmax) of Na,K-ATPase activity on crude cell homogenates. Exposure to 0% O 2 for 3 h did not modify the Vmax of the enzyme (Table 2 ). By contrast, after an 18 h exposure, the Vmax of Na,K-ATPase activity decreased by 50%, as compared with normoxic control. In hypoxic cells allowed to reoxygenate for 48 h, the Vmax of Na,K-ATPase activity returned to normoxic control value ( Table 2) .
Effect of Hypoxia and Hypoxia-reoxygenation on the Level of mRNAs Encoding ␣ 1 -and ␤ 1 -subunits of Na,K-ATPase
RNase protection assays showed that ␣ 1 -and ␤ 1 -Na,KATPase subunit mRNA transcripts were expressed in alveolar cells (Figure 7) . The mRNA levels of both subunits were unchanged throughout the experimental procedure in normoxic alveolar cells (Figure 8 ). The 0% O 2 hypoxia induced a decrease in ␣ 1 -Na,K-ATPase mRNA level which was maximal at 6 h of exposure (54% of normoxic control value), and remained at this level for longer exposure times (Figure 8 ). The level of ␤ 1 -Na,K-ATPase mRNA dropped in a time-dependent manner during hypoxia, reaching 36% of control value after 12 h of exposure. The effect of hypoxia was reversible; mRNA level of both subunits progressively increased during reoxygenation. However, the recovery was complete for ␣ 1 -Na,K-ATPase mRNA after 48 h of reoxygenation, whereas it was only partial at this time for ␤ 1 -Na,K-ATPase mRNA expression (71% of control value).
Discussion
The present study shows that after several days in culture adult rat ATII cells maintain their ability to transport Na actively, to express the three transcripts for rENaC subunits, and to synthetize ␣-rENaC protein, even though they may have undergone some phenotypic changes with time in culture. Our data clearly indicate that exposure of alveolar epithelial cells to hypoxia resulted in an inhibition of Na channel activity, as shown by the decrease in amiloride-sensitive 22 Na influx. This decrease was O 2 con- Rat alveolar cells from the same primary culture were grown 4 days in 10% FBS on plastic dishes and then exposed to either normoxia (21% O 2 ) or hypoxia (0% O 2 ) for 3 or 18 h, or to hypoxia followed by reoxygenation (18 h 0% O 2 ϩ 48 h 21% O 2 ). Immediately at the end of exposure, crude cell homogenates were prepared and Na,K-ATPase activity was determined by the rate of ouabain-inhibitable ATP hydrolysis under conditions of Vmax determined over a 15-min period. Results are expressed in mol Pi/mg protein/h and represent means Ϯ SE of 3 or 6 separate experiments in which triplicates were obtained.
* Significantly different from normoxic value. P Ͻ 0.05. Figure 7 . mRNA expression of ␣ 1 -and ␤ 1 -Na,K-ATPase subunits in alveolar epithelial cells exposed to hypoxia and hypoxia-reoxygenation. After 4 days in culture, rat alveolar cells were exposed to: centration-dependent with a threshold between 5% and 3% O 2 , and time-dependent with a maximal effect at 12 and 18 h for 0% O 2 . Na channel inhibition was associated with a decrease in ␣-, ␤-and ␥-rENaC mRNA levels and with reduced synthesis of ␣-rENaC protein.
That the decrease in Na channel expression and activity was not due to a general toxic effect of 0% O 2 hypoxia is indicated by the following evidence. First, the decrease in rENaC mRNA transcripts was concomitant with an increase in GAPDH mRNA, while ␤-actin mRNA remained unchanged. Second, no sign of cellular damage was detected in hypoxic cells by light and electron microscopy. Third, the inhibitory effects of hypoxia were completely reversed when hypoxic cells were transferred to normoxic atmosphere for 48 h.
Our experiments show that under hypoxia, the decrease in amiloride-sensitive 22 Na influx roughly paralleled that in rENaC subunit mRNA levels, suggesting a causative link between reduced mRNA expression and impaired activity. Likewise, it was previously reported that in Xenopus oocytes, maximal channel activity was obtained only when the three rENaC subunit cDNAs were simultaneously injected (7) . That the expression of the three subunits is crucial for optimal activity is supported herein by the fact that during long-term hypoxia, maximal inhibition of Na channel activity occurred concomitantly with maximal decrease in ␣-, ␤-, and ␥-rENaC mRNA transcripts and with reduced synthesis of ␣-rENaC protein. Moreover, the observation that during reoxygenation, the progressive recovery in Na channel activity paralleled the recovery in ␣-, ␤-, and ␥-rENaC mRNA level, and was associated with normalization of ␣-rENaC protein synthesis, suggests that de novo synthesis of rENaC subunits is necessary to restore normal Na channel activity after prolonged hypoxia, and that this protein synthesis requires the restoration of adequate rENaC mRNA levels. Regarding short-term hypoxia, it is noteworthy that reduced channel activity occurred at a time when only ␥-rENaC mRNA was decreased, whereas ␣-and ␤-rENaC mRNA levels were unchanged. One possibility is that reduced amount of ␥-rENaC mRNA led to insufficient production of ␥-rENaC subunit and subsequently accounted for reduced functional activity, inasmuch as ␥-rENaC subunit was previously reported to be necessary for the correct processing of Na channel proteins at the cell surface (29) . The other possibility is that the decrease in Na channel activity is related to translational or post-translational events, including decreased efficiency in the translation of rENaC mRNA or in the apical membrane trafficking of rENaC subunits, abnormal degradation or internalization of the channel protein (11), or hypoxia-induced modification of intracellular signals that modulate Na channel activity (30) .
Our observation that 0% O 2 induced a time-dependent decrease in rENaC mRNA levels followed by an increase when the cells were transferred from 0% to 21% O 2 strongly suggests that Na channel expression is regulated by O 2 tension. Consistent with this hypothesis, others have shown that, in alveolar cells, an increase in O 2 tension upregulated the level of rENaC transcripts: (1) the transfer of rat fetal distal lung epithelial cells in culture from 3% O 2 to higher O 2 concentration induced an increase in rENaC mRNA transcripts as well as in Na channel activity (31) , and (2) hyperoxic lung injury in adult rat was associated with increased ␣-rENaC mRNA expression and Na channel activity in ATII cells (11) . The molecular mechanisms whereby decrease in O 2 tension downregulates rENaC mRNA transcripts in alveolar cells has not been yet elucidated. From previous studies in bacterial and mammalian systems, a general mechanism for regulation of gene expression under hypoxia can be drawn: a cytosolic membrane-bound protein, probably a hemoprotein, could function as an oxygen sensor; and hypoxic signal transduction could involve changes in protein phosphorylation or in redox status of the cell which, in turn, modulate the activity of various transcription factors controlling the expression of oxygen-responsive genes (32) . Moreover, Figure 8 . Effect of hypoxia and hypoxia-reoxygenation on mRNA expression of ␣ 1 -and ␤ 1 -Na,K-ATPase subunits in alveolar epithelial cells. Rat alveolar cells were exposed to either normoxia (21% O 2 ; open squares) or hypoxia (0% O 2 ; solid squares) for 3, 6, 12, or 18 h; or to hypoxia-reoxygenation (18 h 0% O 2 ϩ 24 or 48 h 21% O 2 ). At the end of exposure, RNase protection assays were performed on cell lysates (RNA equivalent to 10 6 cells), and ␣ 1 -and ␤ 1 -Na,K-ATPase mRNA levels were quantitated using an Instant Imager. Data were normalized for the corresponding actin signal in each lane. Results are expressed as the ratio of ␣ 1 -or ␤ 1 -Na,K-ATPase subunit mRNA/actin mRNA, and represent means Ϯ SE of 3 to 6 independent experiments. *Significantly different from normoxic control value. P Ͻ 0.05. modification of intracellular ionic content under hypoxia may itself exert control over expression of ion transport proteins. Further in vitro studies will help to determine the mechanisms implicated in the oxygen-dependent regulation of rENaC gene expression in alveolar cells.
Along with apical Na channels, basolateral Na,K-ATPase represents the major protein involved in transepithelial Na transport by alveolar cells. In our study, hypoxia resulted in a time-dependent decrease in Na,K-ATPase activity, estimated by OsRb influx, which roughly paralleled the reduction in Na channel activity. This could either be due to a direct effect of hypoxia on Na,K-ATPase, or be secondary to the hypoxia-induced inhibition of Na channel activity. For short exposure times, the decrease in OsRb influx with no change in Vmax and in mRNAs of Na,K-ATPase likely reflects short-term feedback inhibition of the Na pump in response to decreased intracellular Na concentration due to reduced rate of Na entry through Na channels (33) . For long exposure times, the decrease in OsRb influx was associated with reduced Vmax, indicating that the amount of functional enzyme available at the cell surface was reduced, and with decreased level of Na,KATPase mRNA transcripts. In this case, the decrease in Na pump activity could be the consequence of a direct effect of hypoxia either on Na,K-ATPase mRNA expression, or at a post-translational level including abnormal cellular routage or increased degradation rate of the protein (34) . It cannot be ruled out, however, that prolonged inhibition of Na channels might also be partly responsible for reduced Vmax in this case, since sustained decrease in intracellular Na was previously shown to reduce the number of pumps inserted in plasmic membrane (35) .
In conclusion, the present study clearly demonstrates in alveolar epithelial cells in culture a downregulation of amiloride-sensitive Na channels by hypoxia. Although the direct assessment of transepithelial Na flux by short circuit current was not performed in the present study, the decrease in Na channel activity along with that in Na,KATPase strongly suggests that hypoxia may reduce transepithelial Na flux. It is generally assumed that, in vivo, hypoxia-induced alveolar edema is mostly related to lung hemodynamic changes or increase in pulmonary microvascular permeability (15) . From our results, we can speculate that decreased expression and activity of Na transport proteins in alveolar cells may hamper the resorption of alveolar edema in the early phase of hypoxic lung injury, an effect which may, however, be counteracted in vivo by catecholamine-dependent and independent compensatory mechanisms (9) (10) (11) . In line with our data, a recent preliminary report showed that subacute hypoxic exposure in rat was associated with a decrease in alveolar Na and fluid clearance (36) . Finally, in our experiments, the recovery in Na channel and Na,K-ATPase expression and activity observed upon reoxygenation suggests that active transepithelial Na transport may be restored during the reparative phase of hypoxic lung injury, and may therefore contribute, along with other adaptive mechanisms, to the clearance of alveolar fluid.
